Functionalized carbon nanotubes (f-CNTs) have been widely used in bio-medicine as drug carriers, bio-sensors, imaging agents and tissue engineering additives, which demands better understanding of their in vivo behavior because of the increasing exposure potential to humans. However, there are limited studies to investigate the in vivo biodistribution and elimination of fCNTs. In this study, superparamagnetic iron oxides (SPIOs) were used to label oxidized multiwalled carbon nanotubes (o-MWCNTs) for in vivo distribution study of o-MWCNTs by magnetic resonance imaging (MRI). SPIO labeled o-MWCNTs ( (SPIO) o-MWCNTs) were prepared by a hydrothermal reaction process, and characterized by TEM, XRD and magnetometer.
Introduction
During the past decade, functionalized carbon nanotubes (fCNTs) have been widely explored and applied in biomedicine because of their capability of traversing plasma membrane, biocompatibility, electronic and mechanical properties [1] . For example, f-CNTs have been used as intracellular nanocarriers to deliver peptides [2] , proteins [3] , DNA [4] , RNA [5] , and chemical drug molecules [6, 7] . In addition to these in vitro studies, f-CNTs as potential in vivo drug carriers for chemotherapy showed promising results in lung cancer [8] , breast cancer [9] , and hepatocarcinoma [10] . Besides, f-CNTs exhibited great application potential in bio-imaging [11, 12] , bio-sensor [13] and tissue engineering [14, 15] . Because of the rapid growth of f-CNT production and wide application of f-CNT based nanoproducts, the exposure potential of CNTs to humans and environment is increasing [16] . Thus the toxicity of CNTs has induced more and more concerns [17] . Currently, it has been found that CNTs could be taken into cellular lysosomes, show low cytoxicity, but massive ROS generation [18] and inflammatory cytokine productions [16] . In spite of these in vitro studies, so far as we known, there are limited studies to investigate the in vivo biodistribution and clearance behavior of f-CNTs, especially oxidized CNTs, which are one of the most popularly used f-CNTs [19] .
Because of the low electron density, it is difficult to monitor CNTs in biological systems; especially, the in vivo detection of CNTs in tissues has long been a problem. In recent years, some detection methods have been developed, including fluorescence labeling [20] , radioactive isotopelabeling for positron emission tomography (PET) observation [21, 22] and metallic element-labeling for magnetic resonance imaging (MRI) visualization [23, 24] . Among all these detection methods, MRI is advantageous to the detection of CNTs in vivo because it does not involve exposure to radiation, is particularly useful for soft tissues such as liver, spleen, kidney and brain [25] . Recently, Crèmillieux et al exploited iron impurities in raw SWCNTs to track the distribution and clearance of single walled carbon nanotubes (SWCNTs) by hyperpolarized helium MRI [23] . Although the intravenously injected raw SWCNTs were clearly observed in spleen and kidneys, this method cannot be applied to detect f-CNTs because most residual iron particles on f-CNTs were removed.
In this study, for better understanding the in vivo behavior of oxidized multiwalled carbon nanotubes (o-MWCNTs), we synthesized superparamagnetic iron oxide nanoparticles (SPIO) labeled o-MWCNTs ( SPIO o-MWCNTs). Then we used these well characterized SPIO o-MWCNTs to detect the biodistribution of o-MWCNTs in rats by MRI.
Materials and methods

Materials
The pristine MWCNTs produced by chemical vapor deposition with a diameter of 40-60 nm and a purity of >98% were purchased from Shenzhen Nanoharbor, China. RPMI 1640 cell culture medium was purchased from GIBCO (Van Allen Way Carlsbad, CA, USA). Other reagents unless related were analytical grade. 
Preparation of SPIO labeled o-MWCNTs
o-MWCNTs were synthesized according our previous report [26] . In detail, 1 g raw MWCNTs was treated in 120 mL concentrated HNO 3 and H 2 SO 4 (1:3 v/v) solution at 120°C in an oil bath for 30 min. After dilution with water by ten-fold, the solution was filtrated through a 0.45 μm filter. Then the product was re-dissolved in water. The resulting mixture was centrifuged at 5000 g to remove any large or unreacted MWCNTs. The supernatant was collected and lyophilized, nearly 100 mg water soluble o-MWCNTs was acquired. After o-MWCNT composites were washed with ethanol for six times, dried, and characterized by transmission electron microscopy (TEM, FEI Tecnai G 2 T20 microscope set at an accelerating voltage of 120 kV), x-ray diffraction (XRD, Rigaku x-ray diffractometer set at scanning speed of 10°min −1 ) and JDM-13 magnetometer. Dynamic light scattering and analysis of zeta potential (Brookhaven Instruments Corporation, Holtsville, NY) was performed to determine the hydrodynamic tube diameter and surface charge in water, 10% FBS as previously described by us [28, 29] .
Animal treatments
All animal experiments were performed under a rule approved by laboratory animal care of . The noise was defined as the standard deviation of the image intensity in ROI placed in an artifact-free homogeneous area, which was reported by Lorenz et al [30] . We used I pre and I post to denote the SNR ROI before and after injection, respectively. % MRI signal change is calculated by following formula: , which is widely used in other studies [30] .
Detection of IL-1β in THP-1 cells
Aliquots of 5 × 10 4 THP-1 cells were seeded in 0.1 mL complete medium and differentiate to macrophages by adding 1 μg mL −1 phorbol 12-myristate acetate (PMA) overnight in 96-well plates (Corning, NY, USA). Then the cells were treated with as-prepared MWCNTs (AP-MWCNTs), oMWCNTs and (SPIO) o-MWCNTs suspensions with 10 ng mL −1 lipopolysaccharide that can prime the cells to produce IL-1β promoter. After 24 h exposure, IL-1β was detected in culture medium using IL-1β ELISA Kits (BD, CA, USA). (SPIO) o-MCWNTs were intravenously or subcutaneously injected into rats at desired concentrations. Then the injected rats were scanned by T1 and T2 weighted sequences.
five random views were examined to determine the percentages of cells engulfing MWCNTs.
Results and discussion
Synthesis and characterization of
SPIO o-MWCNTs Figure 1 showed the scheme to synthesize (SPIO) o-MWCNTs. Briefly, after oxidization by a mixed acids of HNO 3 and H 2 SO 4 [26] , the resulting o-MWCNTs were dispersed in FeCl 3 aqueous solution to load Fe 3+ . The Fe 3+ /o-MWCNTs composites were then filtered out and re-dissolved in 50 mL EG solution with sodium acetate. Then (SPIO) o-MWCNTs were synthesized via a solvothermal reaction [27] , washed with ethanol, and dried for further usage.
The prepared (SPIO) o-MWCNTs were characterized by TEM, XRD, and magnetometer. [31] [32] [33] . The diffraction peak at 2θ = 26°is the typical Bragg peak of pristine MWCNTs and can be indexed to the [002] reflection of graphite [34] . In addition, the magnetism of the Figure 3(A) showed the room-temperature magnetization M(H) curve of (SPIO) o-MWCNTs in the region between −15 and 15 kOe. The M(H) hysteresis loop for the (SPIO) o-MWCNTs is completely reversible, indicating that (SPIO) o-MWCNTs exhibit superparamagnetic property. As shown in figure 3(B) , (SPIO) o-MWCNTs could be well manipulated under magnetic field. Once applying a magnetic field by a Nd-Fe-B magnet, (SPIO) o-MWCNTs are rapidly isolated from the homogeneous suspension; after taking off the magnet, these (SPIO) o-MWCNT nanocomposites could be well re-dispersed in water by a slight sonication. This result is consistent with the magnetization curve, and confirmed the superparamagnetic property of (SPIO) o-MWCNTs. Since CNTs may induce immune response by complement activation in human serum [35] , we examined the immune response of (SPIO) o-MWCNTs by detecting interleukin-1β (IL-1β) in THP-1 cells, which could predict the immune response in animal tissues [16] . THP-1 cells were exposed to 0-100 μg mL −1 o-MWCNTs, (SPIO) o-MWCNTs or as-prepared MWCNTs (AP-MWCNTs) for 24 h to measure IL-1β in culture media by ELISA. As shown in figure S1 (see supporting information), while both o-MWCNTs and (SPIO) oMWCNTs have no effect on IL-1β production, AP-MWCNTs induced high level of IL-1β, suggesting (SPIO) o-MWCNTs have limited immune response. This result is consistent with our previous studies that negatively functionalized MWCNTs [16] and Fe 3 O 4 nanoparticles [28] do not induce IL-1β production, and Dvash et al' study that phospholipids conjugated to hyaluronan functionalization can reduce immune response [36] . In addition, we found that (SPIO) o-MWCNTs is still negatively charged even in acidic solution with zeta potential of −30 mV at pH 4 that correlates to lysosomal pH (see supporting information, table S1), suggesting (SPIO) oMWCNTs may be also immune inert after lysosomal processing.
MRI signal of (SPIO) o-MWCNTs in rats
Wister rats were used to perform the in vivo monitoring of (SPIO) o-MWCNTs on MRI. The animals were pre-scanned on a 3.0 T GE scanner with a standard GE wrist coil with T1 and T2 weighted sequences. The MRI images detected by T1 and T2 weighted sequences were shown in figure 4(A) . The subcutaneously injected (SPIO) o-MWCNTs mainly agglomerate in sub mucosa and do not spread to other tissues, while the intravenously injected (SPIO) o-MWCNTs can be detected in liver, spleen and kidney. I pre and I post are used to denote the MRI SNR ROI of tissues before and after receiving (SPIO) oMWCNTs injection. % MRI SNR ROI changes induced by (SPIO) o-MWCNTs could be calculated by the following formula: . Figure 4 (B) showed the SNR ROI changes versus dosage in liver, kidney, spleen and sub mucosa. The SNR ROI changes in tissues by both T1 and T2 weighted sequences show a dose-dependent manner. After subcutaneous injection of 1.6 mg kg −1 (SPIO) o-MWCNTs, SNR ROI on T1 and T2 weighted sequences changed 85% and 55%, respectively, suggesting the SNR ROI of (SPIO) oMWCNTs in sub mucosa is more sensitive by T1 sequence than T2 weighted sequence. This is because (SPIO) oMWCNTs accumulated in sub mucosa with high SPIO concentration. The concentrated SPIO in sub mucosa by T1 sequence induced similar SI ROI to T2 sequence [37] , but less SI noise . In contrast, the intravenously injected (SPIO) oMWCNTs in liver, kidney and spleen are more sensitive on T2 weighted sequence than T1 sequence because (SPIO) oMWCNTs are diluted into blood with lower concentration of SPIO in these tissues where SI ROI of SPIO by T2 sequence is more sensitive than the value by T1 sequence. The SNR ROI changes on T2 weighted sequence in liver or spleen are much lower than the values in kidney, indicating that most intravenously injected particles are captured by liver and spleen. The elimination of o-MWCNTs by kidney is limited and would be a long process.
Dynamic detection of o-MWCNTs in rats by MRI
In order to study the clearance rate of o-MWCNTs, animals exposed to (SPIO) o-MWCNTs were examined at different time points. As shown in figure 5(A) , (SPIO) o-MWCNTs could be clearly detected in T1 and T2 weighted images at 1 h P.I., and their signals partially recovered in 30 d P.I. Figure 5(B) showed the dynamic MRI SNR ROI changes on T1 and T2 weighted images. The SNR ROI changes in all these tissues gradually decreased after injection of (SPIO) o-MWCNTs, indicating that o-MWCNTs could be slowly eliminated. The SNR ROI changes decreased to ca. 40% in kidney, liver and spleen by T2 weighted sequence on 4 d P.I., and showed 50% recovery in sub mucosa by T1 sequence, indicating that most o-MWCNTs in all these tissues could be eliminated in 4 d. However, the residual o-MWCNTs in all these tissues can induce 30-40% SNR ROI changes at 30 d P.I., suggesting that the clearance of residual (SPIO) o-MWCNTs in all these tissues are rather slow. Compared with previous biodistribution studies on tubes where both pristine single walled or multiwalled tubes almost cannot be eliminated, our study showed that oxidized tubes could slowly be eliminated [20, 23] , suggesting that the biocompatibility of carbon nanotubes could greatly affect their in vivo clearance.
Quantification of (SPIO) o-MWCNTs in tissues by confocal
Raman microscope
Since CNTs exhibit characteristic peak in Raman spectra [16] , we used confocal Raman microscope to detect MWCNTs in tissue sections. After exposure to 8 mg kg −1 o-MWCNTs or (SPIO) o-MWCNTs for 1, 4 or 10 d, the animals were sacrificed to collect liver, spleen and kidney for H&E staining. The staining sections were examined to determine the cells engulfing MWCNTs. As shown in figures 6(A), (B), S2(A) and S2(B) (see supporting information), the cells engulfing MWCNTs showed black dots under microscope, and these MWCNT dots were confirmed by characteristic D and G bands of CNTs on Raman spectra. The percentage of cells engulfing MWCNTs could be used to evaluate the clearance rate. On 1 d P.I., (SPIO) o-MWCNTs showed 30%, 32% and 14% cellular internalization in liver, spleen and kidney, respectively. On 30 d P.I., these numbers went down to 7%, 11% and 0%. These data is consistent with the MRI detection results. In addition, (SPIO) o-MWCNTs showed very limited differences compared to o-MWCNTs, suggesting that the introducing of SPIO do not significantly change the pharmacokinetic/pharmacodynamic (PK/PD) behavior of MWCNTs. (SPIO) o-MWCNTs prepared in this study showed superparamagnetic property, and are stable in biological media. The subcutaneously injected (SPIO) o-MWCNTs mainly aggregate in sub mucosa, while the intravenously injected (SPIO) o-MWCNTs distribute in liver, spleen and kidney. T1 sequence is more sensitive for subcutaneously injected (SPIO) o-MWCNTs, while T2 weighted sequence is more sensitive for intravenously injected particles. The dynamic observation of o-MWCNTs on MRI suggests that the clearance of oxidized tubes is different with pristine ones that are hard to eliminate in animals, most of the oxidized tubes could be eliminated on 4 d P.I. However, the residual (SPIO) oMWCNTs could still induce 30-40% MRI SNR ROI changes even on 30 d P.I. In addition, the quantification result of CNTs in animal tissues by confocal Raman microscope also confirmed our observation on MRI. And the introducing of SPIO showed limited interference on the PK/PD behavior of MWCNTs. By using magnetic labeling approach, our study showed important implication for understanding the in vivo biodistribution and clearance of oxidized carbon nanotubes, which will greatly facilitate the bio-applications of f-CNT based nanoproducts. The magnetic labeling method used in this study can be expanded to other nanomaterials to study their in vivo distribution and clearance
Conclusions
